and DHK (300 M) reduced the current by 50.4% Ϯ 4.0%. Applied together, the current was abolished (95.4% Ϯ 2.6%). (A) Visualization of a glial cell (arrow) in stratum radiatum under DIC, (B) Modulating transmitter release by adenosine (Adeno) (10 M) with whole-cell recording pipette in place. Notice the dense web of and its antagonist CPT (50 M in the presence of 5 M adenosine) dendrites from adjacent pyramidal neurons (double arrow) and the decreases the response by 62.5% Ϯ 7.9% or increases it by 55.5% Ϯ absence of visible processes of the glial cell.
6.9%, respectively. L-AP4, a group 3 mGluR agonist and selective (B) Biocytin-filled glial cell. The cell shows a stellate morphology blocker of Schaffer collateral synapses onto interneurons, leaves typical for astrocytes. Scale bars, 10 m.
the evoked glial transporter current unaltered (99.9% Ϯ 2.6% of (C) Voltage-clamp recordings of synaptically evoked responses in control), indicating that this group of synapses does not contribute in hippocampal glial cells. a significant manner to the response measured. Increasing stimulus Response showing an initial outward component (reminiscent of an strength (33%) (High stim) increases the size of the response. Note inverted field potential) followed by a large inward current lasting that the changes in glial transporter amplitude are of the same 5-10 s (1). After bath application of kyn (1.5 mM), the fiber component magnitude for all manipulations as the changes observed in the is still visible, followed by a fast inward current and a slow compoextracellular field response after the washout of kyn (n ϭ 5 for each nent fast forward current of lesser amplitude (2). This slow compoagonist, n ϭ 4 for High stim, p Ͼ 0.2 for all manipulations, t test). nent is isolated after additional wash-in of trans-PDC and DHK (300 M each) (3). The subtraction of this slow component reveals the synaptically evoked glutamate transporter current (2Ϫ3). (D) Superimposition of (1), (2), and (3) gives the temporal relationship
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(for discussion, see text). Scale bar, 5 pA/20 ms.
We next addressed whether the glial transporter current (E) Recordings from glial cells in the stratum lucidum of the CA3 region of the hippocampus in the presence of kyn (1.5 mM).
could be used to monitor the synaptic release of gluta-(E1) Even with a short train of stimuli, which is known to facilitate mate by examining manipulations known to alter trans- increase in glutamate release that occurs when the number of active synapses is increased. The increase in the glial response to a fixed increase in stimulus strength possibility that these cells do not express glutamate is shown in Figure 2B and did not differ from the increase transporter or that, under our experimental conditions, in the size of the field potentials recorded in the absence synaptically released glutamate does not reach the glia.
of glutamate receptor antagonists (242% Ϯ 36% versus Either way, these negative results precluded us from 249% Ϯ 41%, n ϭ 4). Adenosine, which decreases the using evoked transporter currents as a bioassay for probability of transmitter release by activating presyntransmitter release during mossy fiber LTP. Our study aptic inhibitory A1 receptors (Brundege and Dunwiddie, is therefore focused on transmitter release in the CA1 region.
1997), also decreases the glial response ( Figure 2B ). On neither the synaptic glial current nor the extracellular field potential was affected (99.9% Ϯ 2.6% versus 101.0% Ϯ 2.2%, n ϭ 5; Figure 2B ), indicating that in both, the contribution from synapses onto interneurons is negligible. These manipulations show a qualitative relationship between glutamate release onto pyramidal cells and glial transporter currents. To define this relationship quantitatively, we used paired pulse facilitation (PPF), a phenomenon whereby the activation of synapses at brief intervals (Ͻ400 ms) results in an increase in the probability of transmitter release on the second pulse (Zucker, 1989) . The magnitude of PPF depends upon the interval between stimuli and therefore provides a manipulation whereby the for slope and intercept of the regression line, we predict that any increase of transmitter release leading to an the other hand, blockade of A1 receptors with 8-cycloincrease of the slope of the field response exceeding, pentyl-1,3-dimethylxanthine (CPT) (in the presence of on average, 6% will be detected also in the average glial adenosine) enhances the glial transporter current (Fig- response (Figure 3 , arrow on x-axis). ure 2B). To assess the relative contribution of synapses onto interneurons to the measured transporter current, we have tested the sensitivity of the evoked glial current Transmitter Release during Posttetanic Potentiation and LTP to L-(ϩ)-2-amino-4-phosphonobutyric acid (L-AP4) (10-50 M), as it has recently been shown that release from
An analysis of glial cell responses during LTP is complicated by the fact that the conditions required to measure these synapses is selectively blocked by this group 3 metabotropic glutamate receptor (mGluR) agonist (Scanglial transporter currents (i.e., the blockade of postsynaptic glutamate receptors) preclude monitoring LTP. ziani et al., 1997, Soc. Neurosci., abstract). However, (B) Grouped data from a set of field experiments with brief application of CNQX and washout immediately after the tetanization (arrow). Under these conditions, we were able to obtain substantial LTP in S1 and complete recovery of the control path S2. Insets show representative traces from one experiment. Scale bar, 0.2 mV/20 ms, n ϭ 5. (C) Control experiment in which the inducing stimulation protocol was applied under 100 M D-APV. The two pathways wash out at the same rate. Note also that the envelope of extracellular field response during the tetanus is blocked (inset; scale bars, 0.2 mV/20 ms), compared with the envelope in (D). (D) Simultaneous field recording of two pathways with long application of CNQX. After CNQX (10 M) had blocked the responses, a series of tetani were applied to one pathway (S1, see arrow). Note that the tetanized pathway recovers more rapidly following the removal of CNQX, but recovery is incomplete, owing to the long application of the drug. of the field potentials, baseline glial cell responses were recorded for several minutes ( Figure 5A ). As is clear from this example, as well as in the summary of seven experiments ( Figure 5B ), there was a large increase in the glial response, following the tetani, lasting only about 1 or 2 min. This brief enhancement is referred to as posttetanic potentiation (PTP) and is due to an increase in transmitter release (Zucker, 1989) . Importantly, no lasting increase was observed following the tetanus. To ensure that in these experiments the tetanus had induced LTP, CNQX was washed from the preparation. Figure 4D shows that during the recovery, the synaptic responses from the tetanized pathway were significantly larger than those from the control pathway. The incomplete recovery of the control pathway in some experiments was due to the prolonged application of CNQX, which was required for the glial cell monitoring. In the eight experiments during which two pathways were monitored, the tetanized pathway was 159% Ϯ 13% of the control pathway measured 20 min following the washout of CNQX. Although this experiment has the advantage that the glial cell responses can be monitored during the induction of LTP, two complications prevent a quantitative conclusion from these results. First, because of the design of the experiment, we were constrained to monitoring the glial synaptic response for only a short period after the tetanus. Second, it is difficult from the preparation (Castillo et al., 1994) . In this experithat decays within 2 min to baseline (100% Ϯ 4%). Open symbols ment, the responses to two independent inputs were indicate control pathway.
recorded in a glial cell in the presence of kyn. After a stable baseline was obtained ( Figure 6B ), kyn was We have taken two approaches to circumvent this probwashed from the preparation so that the simultaneously lem, both of which require stimulation of two indepenrecorded synaptic field potential responses in the imdent pathways. The experimental setup is shown in Fig- mediate vicinity of the recorded glial cell could be moniure 4A. tored ( Figure 6A ). Following stabilization of the field In the first approach ( Figure 4B ), we took advantage potential response, LTP was induced in one of the pathof the observation that, even in the absence of AMPA ways and monitored for ‫01ف‬ min. Kyn was then reapreceptor responses, a tetanus can activate NMDA replied to the preparation. Because glial responses tend ceptors sufficiently to induce LTP (Kauer et al., 1988;  to slowly run down during the course of recording, to Muller et al., 1988) . We initially recorded field potentials detect any change of the amplitude in the glial response, and, after the responses in the two pathways were stait was necessary to compare the size of the glial reble, the AMPA receptor selective antagonist CNQX was sponse in the tetanized pathway with that of the control applied. After complete blockade of the field potentials, pathway ( Figures 6B and 6D ). As can be seen in Figure  an LTP-inducing tetanus (50 or 100 Hz for 1 s, repeated 6C, no difference in the ratio was detected, despite four times at 20 s intervals) was then given to one paththe 2-fold increase of the slope of the field recording. way and CNQX immediately washed from the preparaTo ensure that the LTP had not decayed back to basetion. Under these conditions, we were able to obtain line while recording the glial cell responses, we again substantial LTP and complete recovery of the control washed out the kyn and confirmed that the LTP was path ( Figure 4B ), thus confirming previous studies (Kauer stable ( Figure 6A ). A total of six such experiments was et Muller et al., 1988) . Furthermore, the differcarried out (Figure 7 ). While the average LTP in the fields ence between the control and the tetanized pathway was 179% Ϯ 5%, no difference in the relative sizes of was blocked by 100 M D-APV (1% Ϯ 5%, n ϭ 3, p ϭ the glial cell responses could be seen between the two 0.01; Figure 4C ), confirming its NMDA receptor depenpathways (Ϫ8% Ϯ 7%) ( Figure 7B ). Figure 7C shows dence.
that the ability to observe PPF of the glial transporter We next combined this approach with monitoring glial current is unaltered 30 min after the induction of LTP, cell responses. The field recordings of a typical experiment are shown in Figure 4D . After complete blockade indicating that the sensitivity of the assay is preserved. 
Discussion
PTP and the activation (Adeno) and blockade (CPT) of presynaptic adenosine A1 receptors. The close correspondence between the change in the size of the glial The present results have taken advantage of the presand field responses when glutamate release is altered ence of electrogenic glutamate transporters on glial cell is indicated by the fact that the points for all of these membranes (Sarantis et al., 1993b; presynaptic manipulations fall on the diagonal line. This 1997; Bergles et al., 1997 Clark and Barbour, 1997) . The relationship clearly establishes that glial cells are, infact that glial membranes immediately juxtaposed to deed, a sensitive assay for detecting changes in glutaglutamatergic synapses can detect the glutamate remate release. leased from the synapse provides a powerful technique
The constant amplitude of the glial transporter refor monitoring the synaptic release of glutamate. indicates that, despite this large increase in synaptic responses changed in parallel with changes in the numstrength, glutamate release remained constant. Based ber of activated synapses (High stim) and with changes on the confidence interval of the results obtained for in the probability of transmitter release during PPF and LTP in the kyn experiments and the sensitivity of the assay measured with PPF (see Figure 3C ), we calculate that in the situation of 80% LTP, on average, the glial current would have to increase by at least 70% if LTP were entirely due to an increase of transmitter release. In other words, given the resolution, the amount of LTP in the field response, and the fact that we actually did not see a change of the glial transporter current, not more than 10% LTP could still be accounted for by increased transmitter release. However, two possible limitations to our approach need to be discussed. First, glial cells may sense glutamate from synapses onto interneurons that do not undergo LTP (McMahon and Kauer, 1997; Maccaferri et al., 1998) . Our data showing that glial transporter currents are insensitive to L-AP4, which selectively blocks release from these synapses (Scanziani et al., 1998) , argue against this possibility. This is not surprising, Second, it might be argued that during LTP, a retro-(B) The synaptically evoked glutamate transporter currents as exgrade messenger such as nitric oxide (NO) (Pogun and pressed by the ratio S1/S2 remain unchanged (92% Ϯ 7% of base- Kuhar, 1994) or arachidonic acid (Barbour et al., 1989) line value, p Ͼ 0.2).
is released, which depresses glutamate transporters, (C) Normalized PPF ratios of the glial response before and after the and that this obscures detecting an increase in glutainduction of LTP. Each experiment is represented by one symbol. mate release. This seems most unlikely in that it would
The bar graphs represent mean and SEM (n ϭ 6). The ratio does not change, indicating that the sensitivity of the assay is maintained.
require that this effect develop with exactly the same Electrophysiology Both extracellular field potential recording and whole-cell voltageclamp recording were used. Field potentials were recorded at a depth of about 50-100 m with a glass pipette filled with 1 M NaCl. To evoke transmitter release, stimuli (0.1 ms duration) were delivered at 0.1 Hz through bipolar stainless steel electrodes, the tips of which were placed ‫001-05ف‬ m beneath the surface. Whole-cell recordings were made from glial cells in stratum radiatum at a depth of about 50-100 m and were identified by the following criteria: (1) visualization under a differential inference contrast (DIC) microscope showed a small (Ͻ10 m) structure without visible processes ( Figure  1A) ; (2) immediately after "break-in," a membrane potential more hyperpolarized than Ϫ80 mV and a Rinput Ͻ20 M⍀ were measured; Recordings were amplified with an Axopatch 1D or Axoclamp 2B, sponse for the manipulations described in the text. Manipulations filtered at 2 kHz, digitized at 5-10 kHz (National Instruments Board known to affect release probability (adenosine, CPT, PPF, and PTP) MIO-16, NI-DAQ/Igor 3.1 Software, Wave Metrics, Lake Oswego, and number of release sites (increased stimulation strength) fall onto OR), and stored on a hard disk. In CA1 field recordings, initial slopes the line of identity. In contrast, the two experiments in which LTP were measured. To correct for the slow transport blocker-insensitive was induced (see Figures 4, 5, and 6) show an unchanged glial inward current, the amplitude (A) of the transporter current was response.
calculated according to time course as LTP (i.e., without affecting the time tained by this calculation to those obtained by directly subtracting
The locus of expression of NMDA receptor-depenthe uptake blocker-insensitive current from the uptake-sensitive dent LTP in CA1 pyramidal cells has been the object of current. The values were identical (99.8% Ϯ 3%, p ϭ 0.97, n ϭ 5).
much debate for several years (Kullmann and Seigel- As discussed in the text, glial transporter currents tend to run down. baum, 1995; Larkman and Jack, 1995) . One important After 30-40 min, the mean residual amplitude was 71.1% Ϯ 6.7%. In contrast, the slow component insensitive to transporter blocker factor contributing to the lack of resolution to this debate changes in synaptic efficacy during LTP reside in the postsynaptic cell and focus attention on the underlying molecular modification of glutamate receptor function.
